Role of the kidney in potassium homeostasis: Lessons from acid-base disturbances  by Gennari, F. John & Cohen, Jordan J.
Kidney International, Vol. 8 (1975), p. 1—5
EDITORIAL
Role of the kidney in potassium homeostasis:
Lessons from acid-base disturbances
Potassium homeostasis in man is normally accom-
plished by appropriate changes in the renal excretion
of this cation in response to random variations in in-
take. Although this physiologic feedback system nor-
mally functions to maintain potassium balance well
within tolerable limits, it has long been known that
potassium excretion can be influenced importantly by
numerous factors unrelated to total body potassium
content [1]. A detailed understanding, however, of the
interaction between the interests of potassium homeo-
stasis and the constraints imposed by other physio-
logic priorities remains to be defined.
A highly promising focal point for further investiga-
tion into the renal regulation of potassium balance has
emerged recently from experimental observations
using renal micropuncture techniques; these observa-
tions have provided major new insights into the nature
of the tubular mechanisms through which the many
diverse influences on renal potassium excretion oper-
ate [2]. The purpose of this editorial is to utilize these
new insights in an attempt to explain the well-docu-
mented effects on potassium excretion that stem from
the common disturbances of acid-base equilibrium. In
so doing, it is hoped that a better understanding will
emerge not only of the interplay among the numerous
factors impinging on renal potassium handling, but
also of the renal adaptive mechanisms called into play
by persistent acid-base disorders.
Present concepts of renal potassium handling
The concepts arising from recent micropuncture
studies into the mechanisms controlling potassium
excretion have been reviewed in detail elsewhere [2—4]
and will be summarized only briefly here as a back-
ground to the present discussion. These studies have
confirmed an inference drawn from earlier, more in-
direct experiments that virtually all the potassium
filtered at the glomerulus is reabsorbed by the proxi-
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mal nephron, and that potassium excretion into the
final urine is largely the result of secretion by the distal
tubule [5, 6]. On the other hand, these micropuncture
data have provided no support for two other earlier
notions, one, that the secretion of potassium is tightly
coupled to the reabsorption of sodium in the distal
tubule and, two, that potassium and hydrogen compete
for such "exchange" with sodium at sites with limited
capacity [1]. It is now known that 80% or more of the
sodium delivered to the distal tubule is reabsorbed in
association with chloride so that distal sodium de-
livery, while influencing potassium secretion impor-
tantly (see following), is never truly rate-limiting for
this process [7]. In addition, it has been demonstrated
clearly that potassium and hydrogen ion secretion can,
and often do, change in a parallel fashion [8], thus
belying the presence of a strictly competitive secretory
mechanism.
As important as these general concepts are, an even
more fundamental insight emerging from micro-
puncture studies is that potassium secretion in the
distal tubule can be accounted for largely, if not en-
tirely, by well-identified passive forces, namely, the
transepithelial electrical potential difference and the
concentration gradient across the luminal cell mem-
brane [2]. It has been well established that factors
which augment the electrical potential difference, such
as an abundance of nonreabsorbable anions, tend to
favor potassium secretion whereas factors which dam-
pen this potential, such as a reduction in the magnitude
of sodium reabsorption, tend to retard potassium
secretion [9]. Similarly, a surfeit of cellular potassium
tends to favor, whereas a deficit of cellular potassium
tends to retard, potassium secretion [7, 10]. The potas-
sium content of distal tubule cells is known to be
maintained at high levels by an active transport pro-
cess at the peritubular membrane; consequently,
factors which influence the cellular uptake of potas-
sium across this membrane will also have an important
influence on potassium secretion. As an example,
aldosterone has been postulated to modulate potas-
sium excretion through its influence on this peritubular
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transport process [11]. Cellular potassium content also
appears to be affected by alterations in extracellular
and intracellular pH, an increase in pH promoting
potassium movement into cells and a decrease in pH
impairing potassium movement into cells [8].
The augmentation of potassium secretion which
virtually always occurs when sodium delivery to the
distal nephron is increased [7, 12] may well reflect an
effect both on the potassium concentration gradient
and on the electrical potential difference. This in-
ference is drawn from the recognition that an increase
in the rate of sodium delivery to the distal nephron is
associated with an increase in tubular fluid flow rate,
which would tend to maintain a favorable concentra-
tion gradient, as well as with an increase in distal
sodium reabsorption, which would tend to maintain a
favorable electrical gradient. Although potassium
secretion can also occur in the collecting duct, where
an active transport process may be at play [13], the
contribution of this nephron segment to overall potas-
sium excretion appears to be negligible in most circum-
stances [2].
Acid-base disturbances—General considerations
The well-established changes in potassium excretion
induced by alterations in acid-base equilibrium can
now be examined in light of these new concepts. These
changes are summarized in Table 1 for each of the
four cardinal acid-base disorders. For the purposes of
this analysis, we have divided the temporal pattern ob-
served during each disturbance into three phases: 1) an
immediate phase, encompassing the first several hours
after the onset of the acid-base disorder, 2) a transient
phase, encompassing the subsequent two to three days,
and 3) a chronic steady-state phase.
During the period immediately following alterations
in acid-base equilibrium, it is apparent that the changes
in potassium excretion are, in each instance, in total
harmony with the notion that changes in pH, through
Table 1. Directional changes in potassium excretion and degree
of steady-state deficits induced by each of the four cardinal
acid-base disorders
Potassium excretion Potassium
deficits in
steady-stateImmediate Transient
phase phase phase
Respiratory alkalosis t — Undetectable
Respiratory acidosis 4, 4, Mild
Metabolic acidosis 4 4, 1' Moderate
Metabolic alkalosis t 4, 4, Large
their influence on intracellular potassium content, pro-
vide the only disturbing influence on distal tubular
potassium secretion. For example, a reduction in pH,
induced either by hypercapnia or by ammonium
chloride administration, causes potassium secretion
and excretion to fall sharply [8, 141. By the same token,
an increase in pH, induced either by hypocapnia or by
sodium bicarbonate administration, causes potassium
secretion and excretion to rise [8,14].
Although occasionally overlooked [3, 4], it is im-
portant to recognize that such a simple explanation for
the effect of acid-base disorders on potassium excretion
suffices only for a very brief period. Within hours,
changes in potassium excretion occur which can no
longer be explained solely on the basis of the change in
pH. Moreover, when the acid-base disturbance is
allowed to persist, a new steady-state emerges during
which accumulated changes in potassium balance of
varying degrees are sustained. In the following discus-
sion, we will attempt to identify the factors other than
pH which can account for the changes in potassium
balance observed in each of the sustained acid-base
disorders.
Metabolic acidosis
The complex pattern of influences affecting potas-
sium excretion is well illustrated by an examination of
the experimental model of metabolic acidosis pro-
duced by the administration of ammonium chloride
or hydrochloric acid. Although potassium excretion
falls abruptly in association with the induction of
acidemia in this model (Table 1), it is well known that
a marked kaliuresis occurs over the subsequent 24 to
48 hr; this increase in potassium excretion may result
in the loss of sufficient potassium from the body to
produce significant hypokalemia [15]. Since extra-
cellular pH remains decreased as long as acid feeding
continues, it is clear that the initial inhibiting effects of
acidemia on potassium secretion must be overridden
by some other factor. In view of the observation that
the kaliuresis is associated with an increase in the ex-
cretion of both sodium and chloride [15, 16], it seems
almost certain that an augmentation in sodium de-
livery and reabsorption at the distal nephron is re-
sponsible for enhancing potassium secretion.
Despite continued administration of acid and, pre-
sumably, the persistent augmentation of distal sodium
delivery, however, potassium excretion gradually re-
turns to baseline levels as potassium deficits develop
[15]. The new steady-state of chronic metabolic
acidosis appears, therefore, to be established when the
tendency for increased distal sodium delivery to aug-
ment potassium secretion is offset by the tendency for
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the acquired potassium deficits, and the residual acide-
mia, to blunt potassium secretion. It should be noted
that this balance is maintained only at the expense of
a marked reduction in body potassium stores [151. The
persistence of large potassium deficits can, in fact, be
viewed as strong evidence that distal sodium delivery
and reabsorption remain increased in the chronic
steady-state; were this not the case, potassium secre-
tion would be expected to fall and some retention of
dietary potassium would occur returning body potas-
sium stores toward normal.
Respiratory acidosis
Examination of the time course of the renal response
to respiratory acidosis reveals a series of events re-
markably similar to that seen in metabolic acidosis.
During the first several hours of hypercapnia, a reduc-
tion in potassium excretion occurs, as would be pre-
dicted by the accompanying acidemia (Table 1).
Within 24 hr, however, a marked increase in potassium
excretion is evident, which results in a notable deficit
in body potassium stores [17—19]. Since some degree
of acidemia persists in uncomplicated hypercapnia, it
is clear that some more potent influence supervenes to
override the effect of pH, per se. As is the case with
metabolic acidosis, the kaliuresis observed during the
first several days of sustained hypercapnia is accom-
panied by an increased excretion of both sodium and
chloride [17, 18]. This observation suggests that an
augmentation in distal sodium delivery may be the
major factor overriding the antikaliuretic effect of the
acidosis in both acid-base disorders.
It is noteworthy, however, that the steady-state
potassium deficit engendered by chronic respiratory
acidosis is not as large as the deficit typically en-
countered in metabolic acidosis (Table 1). If this de-
ficit indeed reflects the level of depletion required to
offset the forces acting to promote potassium losses,
it seems reasonable to postulate that there is a corre-
sponding difference in the degree to which distal
sodium delivery and reabsorption are augmented in
the two disorders.
Respiratory alkalosis
The pattern of potassium excretion observed during
adaptation to respiratory alkalosis offers an instruc-
tive contrast to that observed during both metabolic
and respiratory acidosis. Although potassium excretion
increases abruptly at the very onset of hypocapnia, as
would be predicted by the immediate rise in pH
(Table 1), potassium excretion is not detectably dif-
ferent from control after 24 hr despite persistent
alkalemia [20, 21]. Moreover, careful metabolic
balance observations have failed to detect any potas-
sium deficit at all during the chronic steady-state of res-
piratory alkalosis, indicating that the losses of body
potassium induced by the transient kaliuresis must be
quite small.
Chronic hypocapnia, therefore, is a setting in which
a sustained increase in pH occurs in the absence of
any notable potassium losses. Although the degree of
alkalemia characteristic of sustained hypocapnia is
admittedly of small magnitude, the failure to observe
even a modest potassium deficit is made even more
intriguing by the significant loss of sodium that occurs
during the first several days of this disorder [21]. In
view of this dissociation between sodium and potas-
sium excretion, it has been postulated that the ob-
served natriuresis is a reflection, not of an augmenta-
tion of distal sodium delivery but, rather, of a blunting
of distal sodium reabsorption [211. Such a reduction in
sodium transport out of the distal tubule would tend
to reduce the electrochemical gradient favoring potas-
sium secretion and colild, in turn, be responsible for
offsetting the kaliuretic effect of the slight increase in
pH.
Metabolic alkalosis
The changes in potassium excretion and potassium
balance induced by metabolic alkalosis have been well
documented during studies of experimental alkalosis
induced by the combination of gastric drainage and
dietary chloride restriction [22]. In this model, potas-
sium excretion not only increases abruptly, but re-
mains markedly elevated for several days. Although
this observation is consonant with the notion that the
kaliuresis is simply the result of a persistently elevated
pH, a more critical examination suggests, once again,
that an interaction of factors is at play. During the
first 24 to 48 hr after the induction of gastric alkalosis,
the losses of potassium are associated with a significant
increase in the excretion of sodium [22]. This associa-
tion suggests, as it does in both metabolic and respira-
tory acidosis, that delivery of sodium to the distal
tubule is at least transiently augmented during the in-
duction of the alkalosis. It seems reasonable to postu-
late that the combination of an elevated pH and en-
hanced distal delivery of sodium, both of which favor
potassium secretion, are responsible jointly for the
large potassium losses (300 to 500 mEq in man) so
commonly seen in this disorder. lt is noteworthy in
this regard that truly massive potassium losses are pro-
duced by the administration of desoxycorticosterone
acetate (DOCA) and sodium bicarbonate, a model of
metabolic alkalosis in which distal sodium delivery is
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unequivocally increased due to frank volume expan-
sion [23].
Although augmented distal sodium delivery may
well explain the potassium losses in the transient phase
of gastric alkalosis (and diuretic-induced alkalosis), it
seems unlikely that distal sodium delivery remains
persistently increased, in view of the contraction of
extracellular fluid volume that commonly accompanies
this acid-base disorder. If, indeed, sodium delivery to
the distal tubule is not persistently augmented, other
factors must be invoked to explain the failure to retain
dietary potassium and repair the potassium deficits.
Although increased aldosterone secretion due to
volume contraction has been postulated to play a pri-
mary role in promoting potassium losses during sus-
tained metabolic alkalosis, the secretion of aldosterone.
has actually been demonstrated to fall [24]. Alter-
natively, we would postulate that potassium secretion
is stimulated by a selective increase in the distal de-
livery of bicarbonate; even in the absence of alkalosis
such an alteration in the anion mixture accompanying
sodium to the distal tubule has been demonstrated to
promote potassium secretion [8].
Conclusions
The present review has served to illustrate that the
complex sequence of changes in potassium excretion
induced by disorders of acid-base equilibrium can, in
fact, be explained by alterations in the passive forces
controlling distal tubular potassium secretion. At the
onset of each disorder, the observed change in potas-
sium excretion appears to be solely the result of the
corresponding change in pH, presumably acting
through an alteration in intracellular potassium con-
tent. Whenever the acid-base abnormality persists for
more than several hours, however, the immediate
effects of pH appear to be overridden by other, more
potent influences. The experimental observations sum-
marized in this review provide strong support for the
hypothesis that the changes in potassium excretion
that are observed in persistent acid-base disorders are
mediated by alterations in the intranephronal pattern
of sodium and anion transport. Support for this hypo-
thesis is most evident in the experimental models of
metabolic and respiratory acidosis. Within hours after
the onset of each of these disorders, potassium excre-
tion is increased despite the antikaliuretic effect of the
accompanying acidosis. Since sodium and chloride ex-
cretion are increased simultaneously, it has been in-
ferred that an augmentation in distal sodium delivery
and reabsorption is the overriding factor responsible
for the observed kaliuresis in both disorders.
Although all four of the major acid-base distur-
bances are known to cause some increase in potassium
excretion, the magnitude of the kaliuretic forces set in
motion by each differs considerably and, as a conse-
quence, the degree to which steady-state potassium
stores are depleted also differs (Table I). The clear
persistence of potassium deficits in three of the four
disorders despite adequate dietary intake, furthermore,
indicates that the forces originally responsible for in-
ducing these deficits do not totally subside, but con-
tinue to promote potassium secretion for as long as the
acid-base abnormality is sustained.
The indirect evidence cited in support of the con-
cepts presented here obviously requires confirmation
from direct measurements of the intranephronal pat-
tern of electrolyte transport during persistent distur-
bances of acid-base equilibrium. We would hope that
such studies would not only clarify further the role of
the kidney in the regulation of potassium homeostasis,
but might, in addition, shed new light on the nature of
the renal adaptive responses called forth by sustained
acid-base disturbances.
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